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Abstract
Bioremediation systems represent an environmentally sustainable approach to degrading industrially generated thiocyanate
(SCN−), with low energy demand and operational costs and high efficiency and substrate specificity. However, heavy metals
present in mine tailings effluent may hamper process efficiency by poisoning thiocyanate-degrading microbial consortia. Here,
we experimentally tested the tolerance of an autotrophic SCN−-degrading bacterial consortium enriched from gold mine tailings
for Zn, Cu, Ni, Cr, and As. All of the selected metals inhibited SCN− biodegradation to different extents, depending on
concentration. At pH of 7.8 and 30 °C, complete inhibition of SCN− biodegradation by Zn, Cu, Ni, and Cr occurred at 20, 5,
10, and 6 mg L−1, respectively. Lower concentrations of these metals decreased the rate of SCN− biodegradation, with relatively
long lag times. Interestingly, the microbial consortium tolerated As even at 500 mg L−1, although both the rate and extent of
SCN− biodegradation were affected. Potentially, the observed As tolerance could be explained by the origin of our microbial
consortium in tailings derived from As-enriched gold ore (arsenopyrite). This study highlights the importance of considering
metal co-contamination in bioreactor design and operation for SCN− bioremediation at mine sites.
Key points
• Both the efficiency and rate of SCN− biodegradation were inhibited by heavy metals, to different degrees depending on type and
concentration of metal.
• The autotrophic microbial consortium was capable of tolerating high concentrations of As, potential having adapted to higher
As levels derived from the tailings source.
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Introduction
For higher organisms, thiocyanate (SCN−) is a known goitro-
gen, i.e., a chemical with deleterious anti-thyroid effects with
prolonged exposure (Ermans and Bourdoux 1989); acute
SCN− poisoning can also occur (Gould et al. 2012). The tox-
icity of this compound occurs at blood serum concentrations
greater than 1 mg per 100 mL (Lage et al. 1994). Both chronic
and acute toxicity of SCN− to aquatic organisms, including
Daphnia magna (Parkhurst et al. 1979) and various fish spe-
cies (Bhunia et al. 2000; Kevan and Dixon 1991; Lanno and
Dixon 1996), has also been demonstrated.
Gold processing commonly involves mixing finely ground
ores with the lixiviant sodium cyanide (Woffenden et al.
2008). Gold-bearing ores also naturally contain sulfide min-
erals that release reduced sulfur species during ore processing,
which react with cyanide (CN−) to generate SCN− (Mudder
et al. 2001). This process can elevate SCN− concentrations to
higher than 1000 mg L−1 in tailings wastewaters (Given and
Meyer 1998). Finely ground and chemically processed ore
materials and associated wastewaters are typically stored in
tailings storage facilities (TSFs) intended to limit the environ-
mental impact and facilitate water reuse by mining companies
(ERR 2007). However, tailings water seepage from TSFs can
potentially contaminate the underlying groundwater with
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pollutants such as SCN− that exist in tailings (Kossoff et al.
2014) and sometimes results in elevated concentrations of
these contaminants in groundwater near mine sites (Bakatula
et al. 2012).
Although SCN− is almost seven times less toxic than CN−
(Woffenden et al. 2008; Kuyucak and Akcil 2013), the greater
chemical stability of SCN− compared to its parent compound
(Akcil 2003) leads to its accumulation in mining waste
streams (Woffenden et al. 2008), as well as its environmental
persistence (Mediavilla et al. 2019). Therefore, although not
explicitly addressed in regulatory guidelines for discharge of
CN−-bearing mine effluents, SCN− is still considered by reg-
ulatory agencies to be a threat to aquatic wildlife (Bhunia et al.
2000; Gould et al. 2012).
Comprehensive reviews have summarized current
chemical and biological treatment methods for either
CN− degradation (Gould et al. 2012) or concomitant deg-
radation of CN− and SCN− (Akcil 2003; Botz et al. 2016;
Mudder et al. 2001). Compared to physical or chemical
approaches, bioremediation systems are considered to be
more environmentally friendly, efficient (Akcil 2003),
cost-effective (Akcil and Mudder 2003; Nelson et al.
1998), and substrate specific (Das and Dash 2014).
Accordingly, they constitute a preferred treatment ap-
proach in the mining industry, especially when cleaner
effluents are targeted (Akcil 2003). Pilot scale bioreactors
such as trickling filter (Evangelho et al. 2001) and bio-
film reactors (Watts and Moreau 2018) and commercial-
ized systems like ASTER™ technology (van Buuren
et al. 2011; Huddy et al. 2015) are examples of bioreme-
diation systems that have been used for thiocyanate
degradation.
In bioremediation systems for SCN−, growth of specific
microorganisms is promoted (Watts and Moreau 2018), par-
ticularly bacteria that can utilize SCN− as a source of elec-
trons. These sulfur oxidizing autotrophs encode SCN− hydro-
lase (SCNase) and were revealed as strains of Thiobacillus.
Non-SCN−-degrading autotrophic and heterotrophic microor-
ganisms also exist in SCN-degrading communities, and they
rely only on nitrogen and/or sulfur obtained from SCN− as
growth nutrients (Kantor et al. 2015, 2017; Watts et al.
2019; Wang et al. 2020). However, tailings effluents typically
contain a range of contaminants, including cyanide, cyanate
(CNO−), ammonia, nitrate, sulfate, chloride, and heavy metals
(Given and Meyer 1998; Woffenden et al. 2008) that may
inhibit the efficiency of SCN− biodegradation (Gould et al.
2012).
Likemost other organisms, microorganisms are susceptible
to high concentrations of heavy metals (Giller et al. 1998;
Mattila et al. 2007). The effects of heavy metals on biodegra-
dation of environmental pollutants have been studied, mostly
for separate hydrocarbons (Ma et al. 2018), mixtures of
hydrocarbons (Amatya et al. 2006), diesel oil (Sprocati et al.
2012), polychlorinated biphenyls (PCBs), perchloroethene
(PCE) (Lu et al. 2020), and phenanthrene (Wong et al.
2005). The effects of operational conditions such as pH, tem-
perature, loading, phosphate amendment, and light, on SCN−
biodegradation, have also been investigated (Kantor et al.
2015, 2017; Lay-Son and Drakides 2008; van Zyl et al.
2017; Watts et al. 2017a, 2019). Furthermore, the inhibitory
effect of NH4
+, another co-contaminant from gold cyanidation
(Given and Meyer 1998), on SCN− biodegradation has been
studied for pure cultures andmicrobial consortia in shake flask
experiments and laboratory-scale activated sludge bioreactors
(Lay-Son and Drakides 2008). However, a lack of knowledge
exists on the effects of toxic heavy metals on microorganisms
actively degrading SCN−.
The present study aimed to evaluate the heavy metal toler-
ance of a previously characterized autotrophic SCN−-
degrading consortium enriched from surface tailings of a gold
mine inWestern Victoria, Australia (Watts et al. 2017b). Here,
we hypothesized that heavy metals at varying concentrations,
associated with tailings effluent, would differentially inhibit
the performance of this SCN−-biodegrading consortium in
shake flask experiments.
Materials and methods
Consortium growth conditions
A previously characterized natural autotrophic SCN−-
degrading consortium (Watts et al. 2017a, b, 2019) was used
for this study. Prior to the start of experiments, at least five
transfers were performed aseptically with 10% (v/v) of early
stationary phase culture to a 500 mL Erlenmeyer flask con-
taining 180 mL of fresh medium. All cultures were incubated
at 30 °C and 120 rpm continuous rotation. The medium (1 L)
was comprised of Na2SO4 (2.25 g), NaHCO3 (0.25 g),
MgSO4 (0.51 g), CaCl2·2H2O (1.25 g), KCl (0.1 g), NaCl
(1.5 g), Na2HPO4·7H2O (0.05 g), KSCN (1 g), and 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(3.5 g) in ultrapure water (Milli-Q®). Micronutrients were
supplied through addition of 0.05% (v/v) of Mineral Elixir
solution to the medium. The composition of this solution per
liter was nitrilotriacetic acid (NTA; free acid non-trisodium
salt, 2.14 g), MnCl2·4H2O (0.1 g), FeSO4·7H2O (0.3 g),
CoCl2·6H2O (0.17 g), ZnSO4·7H2O (0.2 g), CuCl2·2H2O
(0.03 g), AlK(SO4)2·12H2O (0.005 g), H3BO3 (0.005 g),
Na2MoO4·2H2O (0.09 g), NiSO4·6H2O (0.11 g), and
Na2WO4·2H2O (0.02 g). After pH adjustment at 7.5 ± 0.02
using 1 N NaOH and 1 N HCl, the medium was autoclaved
at 121 °C for 15 min.
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Inoculum preparation
For all experiments, a 36-h culture was centrifuged
(Eppendorf Centrifuge 5810) at 5000 rcf for 10 min at room
temperature. Cells were washed twice with a half volume of
sterile saline solution (pH 7.0 ± 0.6), and pellets were resus-
pended in fresh medium before inoculation. Optical density at
600 nm wavelength (OD600) was measured to monitor cell
growth.
Metal solutions
Stock solutions of zinc (as ZnII), copper (as CuII), chromium
(as CrVI), nickel (as NiII), and arsenic (as AsV) were prepared
immediately before use by dissolving ZnCl2, CuCl2·2H2O,
K2CrO4, NiCl2·6H2O, and Na2HAsO4·7H2O in ultrapure wa-
ter (Milli-Q®), respectively. Stock solutions were further di-
luted and filtered via 0.22μm syringe filters (Millex® Express
PES Membrane). These metals and their concentrations were
selected based on previous studies of soils, tailings, and efflu-
ent at an operating Victorian gold mine (Ebbs et al. 2010;
Fashola et al. 2016; Noble et al. 2010; proprietary data from
the mine), published metal tolerance experiments with various
microorganisms (Alexandrino et al. 2011; Chiboub et al.
2016; Ma et al. 2019; Takeuchi et al. 2007), and an aim to
find metal tolerance limits for our experimental consortium.
Background Ni, Zn, and Cu concentrations derived from me-
dium reagents were all < 1 mg L−1 (data not shown); As and
Cr levels were below detection limits.
Metal tolerance experiment
Prior to each experiment, all glassware was soaked in nitric
acid (2.5% for 24 h) and rinsed with ultrapure water to remove
any trace metals. Four concentrations were used for each
heavy metal: 10, 20, 40, and 60 mg L−1 for Zn2+; 0.5, 1.5,
2.5, and 5 mg L−1 for Cu2+; 5, 7.5, 10, and 15mg L−1 for Ni2+;
1.5, 3, 6, and 30 mg L−1 for Cr6+; and 10, 30, 300, and
500 mg L−1 for As5+. For each metal, 5% (v/v) pre-prepared
metal solution was added to 250mL of sterile culturemedium.
Filtered ultrapure water (no metals) was used for metal-free
(i.e., positive) controls. All flasks were inoculated with 10%
(v/v) of cell suspension. For negative controls, the inoculum
was replaced with the same volume of cell-free culture medi-
um. Furthermore, killed-cell controls were used for metal-free
trials to ensure that the observed SCN− degradation is a result
of cell metabolism. Cu experiments, however, included killed-
cell controls for all metal amendment concentrations as well.
These extra controls were used to investigate whether the drop
in dissolved Cu throughout the experiments was due to cell
adsorption or metabolic activity. To prepare killed-cell con-
trols, washed cells were resuspended in fresh culture medium
followed by autoclaving. All cultures were incubated in
triplicate simultaneously for one type of metal at a time.
Statistical analyses were performed using Minitab® 18.1
(Minitab 18 Statistical Software 2017).
Initial and final experimental SCN− concentrations
(mg L−1) were used in Eq. (1) to calculate SCN− biodegrada-
tion efficiency (%). Lag time was defined as hours with insig-
nificant change to SCN− concentration, as determined by de-
pendent t test (P ≤ 0.05). Equation (2) was used to calculate
SCN− biodegradation rate. The duration of biodegradation
was defined as either 5 days (i.e., time from beginning to
end of the experiment) or the time until SCN− concentration
remained constant.
SCN− biodegradation %ð Þ
¼ Initial SCN
−−Final SCN−
Initial SCN−
 100
ð1Þ
SCN− biodegradation rate mg L−1day−1
 
¼ Initial SCN
−−Final SCN−
Biodegradation duration
ð2Þ
Thiocyanate measurement
Shake flasks were sampled at regular intervals over the 5 days
of incubation. For SCN− measurements, less than 0.8 mL of
medium was centrifuged at 16,000 rcf for 10 min at room
temperature to pellet cells. The supernatant was removed
and stored at − 20 °C until quantification. A colorimetric
method was adapted to determine SCN− concentration
(Baird et al. 2017). For this analysis, each sample was diluted
with ultrapure water, acidified using nitric acid, and mixed
with ferric nitrate reagent (20:1 ratio). The absorbance of the
mixture was then measured within 5 min at 460 nm
wavelength.
Metal analyses
Sampling for dissolved metals was performed in the sameway
as SCN− analyses, except that the supernatant was stored at
4 °C prior to analysis. Furthermore, at sampling intervals, less
than 2.5 mL of the medium was centrifuged at 5000 rcf for
10 min, and the pH of the supernatant was measured.
Sample aliquots of between 10 and 60 μl were diluted with
0.4 N double-distilled nitric acid solution containing 10 ppb
Rh as an internal standard. Single element standards spiked
with 10 ppb Rh were used for calibration. Sample dilution
factors varied from 50 to 300, depending on the original ana-
lyte concentration. Sample solutions were then vortexed brief-
ly, prior to analysis on an Agilent 7700x ICP-MS in collision
cell mode using 3 ml per minute He as the carrier gas.
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Geochemical modeling
Metal speciation under experimental conditions was calculat-
ed using PHREEQC (Parkhurst and Appelo 2013). A modi-
fied Minteq (version 4) database (US Environmental
Protection Agency 1998) was used for all simulations, with
pH 7.7 and a temperature of 30 °C as input parameters.
Results
Measured dissolved metal concentrations by ICP-MS
Dissolved Zn and Cu concentrations over time for Zn- and
Cu-amended experiments are shown in Fig. S1. These metals
were the only ones observed to change in concentration over
time, e.g., dissolved Zn concentrations decreased significantly
over the first 40 h of incubation. In Cu-amended experiments,
aqueous Cu concentrations generally decreased in inoculated
cultures over the 120-h incubation period, with the exception
of an apparent increase from an initially lower-than-added
value (by nearly half) for the highest Cu concentration (added
as 5 mg L−1). All other metal amendments showed no signif-
icant changes over the incubation period for any initial con-
centration (Fig. S2).
pH monitoring
Previous studies have reported the effect of pH on metal tox-
icity to microorganisms (Moberly et al. 2010; Van Nostrand
et al. 2005). Therefore, the pH of cultures was monitored
across sampling timepoints. The initial addition of filtered
heavy metal solutions to the culture medium did not change
pH significantly neither was any difference observed between
initial pH values for any experimental conditions. Average pH
values were 7.75 ± 0.03 and 7.73 ± 0.06 for the start and end,
respectively, of all experiments for all trials and controls.
Metal speciation calculations
Generally, increasing concentrations of metals in culture
amendments produced increasing dissolved metal concentra-
tions, as well as higher saturation indices (SI) with respect to
respective mineral phases. PHREEQC modeling predicted
that almost all Zn in the culture medium was present as dis-
solved sulfide species (Table S1), with positive or close to
zero SI values with respect to sphalerite, wurtzite, and amor-
phous ZnS (Table S2). Likewise, with aqueous Cu(HS)3
− as
the predominant dissolved Cu species (Table S3), Cu was
predicted to be near or at saturation with respect to copper
sulfides (Table S4).
In metal-free experiments (i.e., positive controls), approxi-
mately 99.6% of Ni (frommedium ingredients) was present as
Ni(NTA)− (Table S5). The next most prevalent Ni species in
these experiments were Ni(NTA)2
4−, Ni2+, and NiOH(NTA)2
−, each accounting for only about 0.1% of total Ni. Total Ni at
amendment concentrations of 5, 7.5, 10, and 15 mg L−1 was
comprised of about 64%, 43%, 32%, and 22% Ni(NTA)− and
about 24%, 38%, 45%, and 53%Ni2+, respectively. Relatively
large positive SI values were calculated for nickel sulfide
phases (Table S6), as well as for Ni-molybdate (at 7.5, 10,
and 15 mg L−1 Ni) and Ni-phosphate (at 15 mg L−1 Ni).
Modeling of Cr-amended experiments predicted that most
added Cr was present as chromate (Table S7). None of the
predicted Cr phases showed negative or close to zero SI values
(Table S8). Four arsenate species were predicted in As-
amended experiments (Table S9), including HAsO4
2− as 94–
95% of total As. Like Cr, As was largely undersaturated with
respect to any phase (Table S10).
Heavy metal influences on SCN− biodegradation
The influence of heavy metals on SCN− biodegradation is
summarized in Table 1 in terms of SCN− biodegradation effi-
ciency (%), rate, and lag time for all inoculated experiments.
None of the negative and killed-cell controls showed SCN−
biodegradation.
Zinc
The effect of Zn additions on SCN− biodegradation is present-
ed in Fig. 1. At Zn concentrations of 20, 40, and 60 g L−1,
SCN− biodegradation was completely inhibited. At 10 mg L−1
Zn, SCN− was completely degraded within 4.5 days, after a
lag period of roughly 48 h. Furthermore, a slower biodegra-
dation rate (143.0 mg L−1 day−1) was observed for 10 mg L−1
Zn, compared to Zn-free cultures (377.1 mg L−1 day−1).
Copper
At 5 mg L−1 Cu, SCN− biodegradation was completely
inhibited (Fig. 2). With 2.5 mg L−1 Cu, ~ 30% SCN− was
degraded, with a ~ 85-h lag time. Complete SCN− biodegra-
dation was observed at 1.5 and 0.5 mg L−1 Cu, with lag times
of ~ 48 and ~ 32 h and biodegradation rates of 158.8 and
183.4 mg L−1 day−1, respectively.
Nickel
At 15 and 10 mg L−1, nickel completely inhibited SCN− bio-
degradation (Fig. 3). Only 6% degradation was observed at
7.5 mg L−1 Ni, with a ~ 56-h lag period. At 5 mg L−1 Ni, 23%
of initial SCN− was degraded after a 48-h lag period.
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Chromium
The effect of Cr amendment on SCN− biodegradation is pre-
sented in Fig. 4. At concentrations of 30 and 6 mg L−1 Cr, no
SCN− was degraded. With 3 mg L−1 Cr, only 16% SCN− was
degraded over the last 35 h of the experiment. Amending the
culture medium with 1.5 mg L−1 Cr did not inhibit complete
SCN− biodegradation; however, this concentration of Cr
Table 1 The influence of heavy
metal amendment on SCN−
biodegradation
Heavy metal Amendment concentration
(mg L−1)
SCN− biodegradation
Extent (%) Rate (mg L−1 day−1) Lag time (h)
Zn 0 100 377.1 6
10 100 143.0 48
20 0 0 NA
40 0 0 NA
60 0 0 NA
Cu 0 100 384.2 < 6
0.5 100 183.4 32
1.5 100 158.8 48
2.5 30 38.9 85
5 0 0 NA
Ni 0 100 379.8 < 6
5 23 29.5 48
7.5 6 7.6 56
10 0 0 NA
15 0 0 NA
Cr 0 100 319.4 6
1.5 100 160.6 6
3 16 20.8 85
6 0 0 NA
30 0 0 NA
As 0 100 380.4 6
10 100 392.1 6
30 100 206.2 6
300 34 113.1 < 6
500 31 101.6 < 6
NA = not applicable
< 6: Shorter than the length of time before the first sampling point
Fig. 1 Effect of Zn amendment
on microbial SCN− degradation;
results represent mean ± standard
deviation, n = 3
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decreased the degradation rate to 160.6 mg L−1 day−1, com-
pared to 319.4 mg L−1 day−1 in Cr-free cultures.
Arsenic
The experimental consortium seemed relatively more tolerant
to arsenic even at higher concentrations of this metalloid.
Figure 5 presents how SCN− biodegradation was affected by
varying concentrations of As. Complete SCN− degradation
was observed at As concentrations of 10 and 30mg L−1 within
40 and 72 h of incubation, respectively. These concentrations
of As influenced neither biodegradation extent nor lag time,
compared to As-free experiments. A slightly faster biodegra-
dation rate (392.1 mg L−1 day−1) was calculated for experi-
ments with 10 mg L−1 As than for As-free trials
(380.4 mg L−1 day−1), which probably resulted from a slightly
higher SCN− concentration in As-amended flasks. Adding
30 mg L−1 As to the culture medium led to a biodegradation
rate of 206.2 mg L−1 day−1. The SCN− biodegradation rate in
cultures amended with a relatively high concentration of
300 mg L−1 As was 113.1 mg L−1 day−1. At this As concen-
tration, 34% of SCN− was degraded over the first 48 h. The
same pattern was observed for experiments amended with
500 mg L−1 As, with slightly lower biodegradation efficiency
(31%) and rate (101.6 mg L−1 day−1).
Discussion
Each of the metal(loid)s tested here inhibited SCN− biodegra-
dation to an extent and duration that depended on both type
and concentration. Biodegradation of SCN− was fully
inhibited at concentrations > 20, 5, 10, and 6 mg L−1 for Zn,
Cu, Ni, and Cr, respectively, consistent with previous reports
for metal toxicity to non-thiocyanate degrading microorgan-
isms (Alexandrino et al. 2011). However, these values repre-
sent controlled laboratory experiments, and other experimen-
tal or environmental metal toxicity thresholds may differ, de-
pending on geochemical conditions (Alexandrino et al. 2011;
Cabrera et al. 2006; Sani et al. 2001; Utgikar et al. 2003).
Furthermore, we note that our experiments used (autotrophi-
cally growing) planktonic cells, whereas protection afforded
by microenvironments within biofilms typically growing in-
side (heterotrophic) activated sludge bioreactors (e.g., the
Fig. 3 Effect of Ni amendment
on microbial SCN− degradation;
results represent mean ± standard
deviation, n = 3
Fig. 2 Effect of Cu amendment
on microbial SCN− degradation;
results represent mean ± standard
deviation, n = 3
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ASTER™ system) (Huddy et al. 2015) may also have affected
relative inhibition by metals.
Lag time for the onset of SCN− biodegradationwas a useful
measure for comparing metal toxicity effects. For example,
while similar biodegradation rates were measured for
1.5 mg L−1 each of Cu and Cr, an eightfold longer lag phase
was observed for Cr, indicative of greater toxicity to the SCN−
degraders of this microbial consortium from hexavalent Cr. In
contrast, these SCN− degraders seemed more tolerant to As,
with regard to lag time, over the range of 10 to 500 mg L−1;
none of the As concentrations tested in this study extended the
lag time for SCN− biodegradation, compared to As-free trials.
The ordering ofmicrobial metal tolerance in this studywasAs
> Zn >Ni >Cu >Cr, in terms of the ability of the consortium to
degrade SCN− at similar metal concentrations. The consortium
that was used here is dominated by thiobacilli. However, only
some strains of this genus that possess SCN− hydrolase are con-
sidered as SCN− degraders, while the other autotrophs such as
non-SCN-degrading thiobacilli and heterotrophic microorgan-
isms rely on the metabolic products of SCN degradation. The
proportions of each group greatly depend upon the experimental
conditions (Watts et al. 2017b, 2019). Overall, higher tolerance
to Zn when compared with Cu was observed in studies using
sulfate-reducing bacteria for either single strains (Poulson et al.
1997; Sani et al. 2001) or mixed cultures (Hao et al. 1994;
Utgikar et al. 2001, 2003). Presumably, this observed difference
in Zn and Cu toxicity reflected to some degree the relative solu-
bilities of Zn and Cu sulfides, which our modeling predicted to
be a factor controlling the speciation of these metals in our ex-
periment with SCN− as well.
Lower threshold concentrations for toxicity were previously
observed for Ni when compared with Zn under the same exper-
imental conditions (Hao et al. 1994; Poulson et al. 1997), again
potentially due to the tendency for Zn to formZn sulfides over Ni
in mixed metal solutions, as predicted by PHREEQC. Divalent
Ni competes catabolically and allosterically with Zn and Fe and
therefore interferes withmetalloenzyme activities, as well as gen-
erates reactive oxygen (Macomber and Hausinger 2016).
Therefore, the observed inhibition of SCN− biodegradation in
Ni-amended experiments may be attributed to Ni2+ species that
comprised a larger proportion of total Ni at higher amendment
concentrations, as modeled.
Almost all added Cr in our experiments was predicted to be
speciated as chromate, with known adverse effects on
Fig. 4 Effect of Cr amendment
on microbial SCN− degradation;
results represent mean ± standard
deviation, n = 3
Fig. 5 Effect of As amendment
on microbial SCN− degradation;
results represent mean ± standard
deviation, n = 3
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bacterial cells (Ramírez-Díaz et al. 2008). We can speculate
therefore that the relatively low tolerance of this consortium to
Cr is due to the lack or inefficiency of mechanisms required
for microbial resistance to chromate (e.g., efflux systems and
chromate reductases) (Ramírez-Díaz et al. 2008).
Interestingly, both Cu and Zn concentrations decreased to
some degree at the start of incubation periods for inoculated
cultures, except for the highest Cu amendment concentration
(Fig. S1). Contrary to Zn, we hypothesize that Cu partially
adsorbed to microbial cells during the course of our experi-
ments. Alternatively, it is possible that Zn and Cu were incor-
porated into nanophase Zn and Cu sulfides, some of which
aggregated to be removed by filtration before ICP-MS analysis.
Zn concentrations decreased asymptotically to a limited extent
of removal from solution, while Cu displayed a less systematic
trend, decreasing faster than Zn to near complete removal from
solution from ~ 40 h of incubation for all but the highest Cu
concentration (5 mg L−1). In any case, we acknowledge that
such processes as just described may have impacted on SCN−
biodegradation efficiency by effectively reducing metal
bioavailability and therefore also metal toxicity. Further work
beyond the scope and aim of this study is needed to elucidate
such levels of detail and test the above hypotheses. Utgikar
et al. (2004) described microbial tolerance for Zn and Cu as a
function of metal concentration and exposure time, and we add
here the possibility of speciation-driven vital effects. The total
concentrations of heavy metals were measured throughout the
experiments as filtered (i.e., dissolved) metal concentrations,
and for all the experiments, pH remained constant at 7.7–7.8.
PHREEQCmodeling predicted conditions exceeding or near to
saturation with respect to the precipitation of certain Zn and Cu
sulfide phases, as opposed to undersaturated conditions for Ni,
Cr, and As. Thus, the results of our incubation experiments are
consistent with our hypotheses and exemplify to a degree the
links between metal speciation and toxicity. Speculatively, it is
also possible, where dissolved Cu concentrations were ob-
served to increase slightly towards the end of our experiments,
that release of Cu from SCN−-degrading bacterial cells, in sta-
tionary and/or death phases, could explain this observation.
Previous findings of the incorporation of Cu in one of the main
enzymes involved in autotrophic SCN− biodegradation
(Tikhonova et al. 2020), along with the inhibitory effect of
cell-associated Cu (De Schamphelaere et al. 2005), would sup-
port this speculation.
Arsenic tolerance as observed in the present study was
higher than that reported for an endophytic Citrobacter strain
(400 mg L−1) (Selvankumar et al. 2017) or for Bacillus iso-
lates (225 and 90 mg L−1) (Taran et al. 2019). Complete inhi-
bition of SCN− biodegradation did not occur even at the
highest As concentration (500mg L−1), at which approximate-
ly 33% of initial SCN− was degraded within the first 48 h of
incubation. However, no further SCN− degradation was ob-
served in As-amended trials beyond this timepoint,
highlighting both As concentration and exposure time as a
possible consideration for evaluating As toxicity. It is note-
worthy that in abovementioned studies in this regard, growth
inhibition was the primary indicator of As toxicity, rather than
the effect of As on a specific phenotypic function, e.g., thio-
cyanate biodegradation.
The observed tolerance of our experimental consortium for
As may indicate an in situ selective pressure from the source
material used to enrich the experimental microbial consortium.
This consortium originated from a goldmine (Watts et al. 2017b)
where sulfide ores on average contain significant amounts of As
(e.g., 225 mg kg−1) (Noble et al. 2010). In fact, arsenopyrite is a
main source of As in the mine tailings (0.2–0.4%) (King et al.
2008) and can incorporate As up to 10% w/w (Abraitis et al.
2004). Analysis of soil samples near the mine site from which
cultures used for this study were enriched revealed 16–946 mg
As (background values: 1–16 mg), 18–740 mg Cr (background:
26–143), and 12–430 mg Pb (background: 9–23 mg) per kg soil
(Noble et al. 2010). Chemical monitoring of decant water from
the mine site showed concentration (mg L−1) ranges of about
0.03–3.33 for Cu, 0.08–0.61 for As, 0.02–0.26 for Ni, and
0.01–0.17 for Zn (personal communication). We note that high
levels of As tolerance have been reported previously, e.g., iso-
lates of Bacillus sp. and Aneurinibacillus sp. that were able to
grow in over 1 g L−1 As. These isolates were similarly cultivated
from As-contaminated (ground)water samples (Dey et al. 2016).
Metal toxicity is determined by both biotic effects and abi-
otic factors, i.e., physicochemical characteristics of the environ-
ment (Babich et al. 1980; Gadd and Griffiths 1977). Microbial
inhibition by metals varies with respect to type of microorgan-
ism and metal (Babich et al. 1980; Sadler and Trudinger 1967),
metal speciation and bioavailability (Wang et al. 2007), and
presence of other chemicals such as chelating agents (Sadler
and Trudinger 1967) and environmental solutes (Babich et al.
1980). For instance, under anoxic conditions, arsenite is the
predominant species of arsenic, while arsenate prevails in aer-
ated systems. Lower sorption capacity of As(III) results in its
greater immobilization in aqueous systems and consequently
its higher level of bioavailability and greater toxicity when
compared to As(V) (Oremland and Stolz 2005; Rosen 2002).
The other example is Cr(VI) which is muchmore toxic to living
organisms when compared to the relatively less reactive Cr(III)
(Barnhart 1997). Therefore, higher concentrations of metals do
not necessarily imply greater toxicity (Sadler and Trudinger
1967). Also, higher toxicity has been reported in multi-metal
experiments than for single metal assays (Li and Ke 2001a, b;
Utgikar et al. 2004), and previous studies have demonstrated
greater degrees of metal tolerance of microbial consortia and
co-cultures, when compared to isolates (Lu et al. 2020; Ma
et al. 2018). This study provides a first step in evaluating the
sensitivity of microbial consortia in SCN− bioremediation sys-
tems towards potential heavy metal co-contaminants in tailings
waste streams. As actual influent to SCN− bioremediation
Appl Microbiol Biotechnol
systems likely contains multiple metal co-contaminants, syner-
gistic effects of these metals should also be considered in future
research.
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